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The cosmic neutrino flux recently discovered by IceCube will be instrumental in probing the
highest-energy astrophysical processes. Nevertheless, the origin of these neutrinos is still unknown.
While it would be more straightforward to identify a transient, or galactic source class, finding a
population of distant, continuous sources is challenging. We introduce a source-type classification
technique that incorporates all available information from catalogs of source candidates. We show
that IceCube-Gen2 can statistically establish the origin of cosmic neutrinos even for the most chal-
lenging source populations–starburst galaxies, AGN or galaxy clusters, if neutrino track directions
can be reconstructed with a precision ∼ 0.3◦. We further show that source catalog out to ∼ 100 Mpc
can be sufficient for the most challenging source types, allowing for more straightforward source sur-
veys. We also characterize the role of detector properties, namely angular resolution, size and veto
power in order to understand the effects of IceCube-Gen2’s design specifics.
I. INTRODUCTION
Cosmic high-energy neutrinos provide a unique probe
of energetic astrophysical processes. They carry informa-
tion on the origin of cosmic rays [1], the nature of particle
acceleration in cosmic explosions [2], and the properties
of these explosions [3, 4]. They can escape dense environ-
ments and travel through cosmic distances, allowing for
a direct view of emission sites hidden from high-energy
electromagnetic observations.
IceCube has recently detected high-energy neutrinos of
astrophysical origin, with a detection rate of ∼ 10 yr−1
for neutrino energies & 102TeV [5–7]. Nevertheless, the
cosmic source population producing this neutrino flux
is currently unknown. A planned upgrade of IceCube,
called IceCube-Gen2 [2], is expected to improve neu-
trino detection rate by a factor of ∼ 10, enhancing the
prospects of identifying the origin and emission mech-
anism of high-energy neutrinos. Another proposed neu-
trino detector in the Mediterranean, KM3NeT [8], will be
comparably sensitive, and will be sensitive in directions
complementary to IceCube.
There are multiple search strategies being considered
that aim to determine the origin of the cosmic neutrinos.
(i) Neutrino-only : spatial or temporal clustering of
neutrinos alone could be used to identify energetic
nearby sources, even without any further informa-
tion on potential source candidates [9–13]. No such
clustering has been detected so far, which was used
to constrain rare, bright source populations [14].
These analyses are essentially model-independent,
and they do not require multimessenger observa-
tions, but they are less sensitive than those that
utilize additional multimessenger information.
(ii) Spectral information from the detected neutrinos
in comparison with other observed astrophysical
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fluxes, such as cosmic rays [15] or GeV gamma rays
[16], can help determine the source of origin. Neu-
trino spectral features may also be indicative of the
source’s environment [17, 18]. It is, nevertheless,
difficult to arrive at definite conclusions solely by
such comparisons.
(iii) Multimessenger searches: neutrinos can be asso-
ciated with a source population observed through
other messengers [9, 13, 19–22]. This strategy has
the advantage of integrating additional information
in the search. Ultimately, identifying the neutrino’s
origin will likely require such an association.
So far, most of the searches using astrophysical source
catalogs, e.g., using gamma-ray bursts (GRBs; [23]) and
gravitational wave candidates [24, 25], focused on rela-
tively rare sources with limited neutrino background [26],
or a limited subset of more common source types [9]. No
correlation has been identified in these searches. The
neutrino directional distribution also seems to indicate
that the bulk of the detected neutrinos originates out-
side of the Milky Way. Recently, Ahlers & Halzen [14]
considered the general case of using the locations of the
brightest sources to enhance search sensitivity to neu-
trino multiplets, making an important first step and char-
acterizing the expected sensitivity. Their results indicate
that, in contrast to the case of transient sources, the iden-
tification of multiplets from a population of continuous
sources will be challenging, even with an extended obser-
vation period with IceCube-Gen2, except for rare source
types.
Search strategies are relatively straightforward for
transient sources for which the limited duration effi-
ciently reduces the background. Similarly, for rare, bright
sources, looking at the nearest, brightest sources can al-
ready be informative [14]. However, for weaker, con-
tinuous sources, the utilization of source catalogs is not
straightforward since the majority of the detected neutri-
nos were emitted at distances at which the source popu-
lation is homogeneous on the scale of the neutrino direc-
tional uncertainty. This means that distant sources do
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2not help with the association. On the other hand, it is
advantageous to use more than just the closest sources
in correlation with the detected neutrinos, since (i) the
closest (non-galactic) sources likely emit only a negligi-
ble fraction of the total neutrino flux, and (ii) source
distributions are sufficiently anisotropic out to distances
containing a large number of sources, even for continuous
source models with relatively high source densities.
This paper explores the prospects of using catalogs
of astrophysical sources to search for the origin of high-
energy neutrinos. Our goal is to devise and evaluate a
search strategy that efficiently utilizes source catalogs.
We derive the prospects of using such a search strat-
egy for a number of possible source models, namely (i)
starburst galaxies, (ii) the cores of active galactic nuclei
(AGN), (iii) blazars and (iv) galaxy clusters (GCs). In
particular we determine the angular precision of neutrino
detectors that would allow for the identification of differ-
ent source types.
The paper is organized as follows. We present the
search strategy in Section II. We then discuss our results
on search sensitivity in Section III. In particular we use
Monte Carlo simulations to explore the role of the de-
tector angular precision and the catalog distance range.
We summarize the results and present our conclusions in
Section IV.
II. SEARCH STRATEGY
A. Search distance threshold
Our goal is to take advantage of the anisotropic distri-
bution of astrophysical sources, and correlate the sources’
directional variation with the directions of the detected
neutrinos. It is clear that at large enough distances, the
source population is quasi-homogeneous, rendering the
position of these distant sources uninformative. We can
therefore constrain the search to sources within a thresh-
old distance dth (or threshold redshift zth).
Constraining the search to neutrinos emitted from
known sources within dth means, in effect, that neutri-
nos originating in these known sources will be the signal
neutrinos, while background neutrinos will be those (i)
originating in the atmosphere, (ii) from sources beyond
dth, and (iii) from un-cataloged sources within dth.
B. Only track events will be used
The uncertainty of the reconstructed direction of neu-
trinos varies widely. In IceCube, for instance, events due
to charged-current muon neutrino interactions produce
tracks with directional uncertainty . 1◦, while charged-
current electron neutrino interactions (as well as all neu-
tral current interactions) produce shower event topolo-
gies with directional uncertainty ∼ 10◦ [27].
With these rates and angular uncertainties, it is bene-
ficial to use only track events in the search for directional
correlation with a source population.
C. Method
Here we introduce our search technique, for continuous
neutrino sources. It is straightforward to generalize the
strategy to transients see below).
Let the total number of detected neutrino candidates
be Ntotal within an observation period Tobs. Assume
that we know the expected number Natm of atmospheric
neutrinos within the total from atmospheric contribution
models. For our threshold distance dth, we can calculate
the expected fraction fd of astrophysical neutrinos that
originate from within dth (see Section II E). Our expected
signal (Ns) and background (Nb) neutrinos will then be
be
Ns = fd (Ntotal −Natm), (1)
Nb = Ntotal −Ns. (2)
For a detected neutrino i with reconstructed sky loca-
tion Ωi and location uncertainty ψi, the neutrino’s vol-
ume of possible origin Vi can be approximated with a
cone with height dth and base radius ψidth, oriented along
Ωi. We calculate the expected total neutrino flux from
sources within Vi:
Fν,i = 1
4pi
∑
j
Lν,j d
−2
j , (3)
where Lν,j is the neutrino luminosity of source j, and
the sum is over the sources within Vi. See Fig. 2 for
a sample distribution of Fν,i for signal and background
neutrinos. Neutrino luminosity values depend on the
source model considered. We adopt identical luminosi-
ties for each source within a given source class. This is
a simplifying assumption that, nevertheless, makes our
results more conservative. Selecting instead a distribu-
tion of non-equal luminosities would, on average, increase
the flux of the brightest sources, for which both distance
and luminosity are favorable. Since we are considering
sources within . 200 Mpc, redshift evolution will not af-
fect this picture.
The assumption of uniform source luminosity is also
practical, given that individual source luminosities are
unknown, and are unlikely to become available in the
next years unless some individual neutrino emitters are
clearly detected.
To demonstrate why our assumption of uniform source
luminosities is conservative, imagine the simple case in
which we have a set of cataloged source candidates, all
with equal weight. If we now take one source candidate
A and place it onto candidate B, we effectively double
B’s weight and make A’s weight zero. It is clear that this
change will increase anisotropy. The same argument can
3be made with fractional changes of weights, or similarly,
with a non-uniform weight distribution.
Beyond this assumed uniformity, the actual numerical
values of Lν,j are not important as they will not affect
our results, since only their relative weight matters in
determining spacial correlation.
The background probability density Bi of neutrino i
will be taken to be uniform over the sensitive sky region
of the detector:
Bi = const. (4)
Here, for simplicity, we do not make use of the energy of
the neutrino. The reconstructed neutrino energy would
be straightforward to incorporate into the signal and
background likelihoods (see, e.g.,[28]), which would fur-
ther improve the search sensitivity.
We define the signal probability density Si to be pro-
portional to the expected neutrino flux from sources
within Vi:
Si ∝ Fν,i
sin2(ψi)
. (5)
For the ensemble of observed neutrinos, we combine
the signal and background densities, to obtain the likeli-
hood
L(Ns, Ntotal) =
∏
i
(
Ns
Ntotal
Si + Nb
Ntotal
Bi
)
, (6)
where the product is over all detected neutrinos during
the observation period. While Ns is not known precisely,
it can be estimated using Ntotal, Natm and fd (see Eqs.
2). In general, one could maximize L(Ns, Ntotal) as a
function of Ns as use this value for the calculation (see,
e.g.,[28]). For simplicity, we will omit this maximization.
The test statistic of the observed set of neutrinos will
be the likelihood ratio
λ = 2 log
[L(Ns, Ntotal)
L(0, Ntotal)
]
. (7)
The significance of the ensemble of observed neutrinos
is determined by comparing the observed λ value to the
background distribution Pbg(λ), determined using Monte
Carlo simulations. The p-value of the observed ensemble
will be defined as
pλ =
∫ ∞
λ
Pbg(λ
′)dλ′. (8)
Here we also mention how the above method, pre-
sented for the case of continuous sources, compares to
the transient case. For the purposes of the search de-
scribed below, a transient rate density Rtransient is equiv-
alent to an effective continuous source number density
ncontinuous,effective ≈ RtransientTtransient, where Ttransient is
the characteristic duration of the transient, and assum-
ing RtransientTtransient  1. Other aspects of the method
are unchanged.
D. Astrophysical source types
In the following, we will consider four astrophysical
source types, namely starburst galaxies, AGN, blazars
and GCs. These are the primary considered continuous
source candidates for the detected cosmic neutrino flux.
We will further assume that all cosmic neutrinos originate
from the same source type.
We follow [14] and adopt local number densities
ρstarburst = 10
−4 Mpc−3, the range ρagn = 10−5 −
10−4 Mpc−3, and ρblazar = 10−9 Mpc−3 for starburst
galaxies, AGN and blazars, respectively. For GCs, we
follow [29] and adopt ρgc = 5× 10−5 Mpc−3.
For simplicity, we assume that Lν is identical for all
sources within a given source type. This is a conser-
vative assumption; taking into account the variation
in luminosity would increase anisotropy, and therefore
make the search more sensitive. We expect that typical
source catalogs will have limited information on source
strength. Nevertheless, if such information is available,
it is straightforward to incorporate it in the analysis by
simply using the derived luminosity values, which in turn
will further improve our sensitivity.
E. Fraction of neutrinos from within threshold
distance
To find the number of detected astrophysical neutrinos,
we need to estimate the fraction of the neutrino flux at
Earth that originates from the cataloged sources. Only
these neutrinos will correlate with the anisotropy of the
catalog. We first determine the fraction fd(zth) of astro-
physical neutrinos that originate from within a threshold
redshift zth, where zth corresponds to threshold distance
dth.
The total neutrino particle flux Φν ≡ dNν/dε′ν per
unit energy band from sources within redshift zmax can
be written as [30]
Φν(ε
′
ν , zmax) =
1
4pi
∫ zmax
0
ρ(z)φν [(1 + z)ε
′
ν ]
cdz
H(z)
. (9)
Here, ε′ν is the neutrino energy at the observer, φν
is the average neutrino spectrum from a source, and
H(z) = H0
√
(ΩM(1 + z)
3 + ΩΛ) is the Hubble param-
eter. We adopt H0 = 67.3 km s
−1Mpc−1, ΩM = 0.315
and ΩΛ = 0.685 [31]. We assume a power-law source
spectrum φν ∝ εγν , for which Φν(ε′ν , zmax) = Φν(zmax)
will be independent of the neutrino energy as long as
the energy is far enough from a spectral cut-off energy.
The fraction of neutrinos coming from sources within the
threshold zth is therefore fd(zth) = Φν(zth)/Φν(∞).
We calculate fd(zth) for different source models rele-
vant to plausible neutrino emission scenarios. For the
case of starburst galaxies, we assume that neutrino emis-
sion tracks the cosmic star formation rate (SFR). We
adopt the SFR evolution from [32], taking power indices
4FIG. 1. Fraction of astrophysical neutrinos detected from
sources within a luminosity distance, as a function of the lu-
minosity distance, for different cosmic evolution models (see
legend and Section II E). For comparison the top axis shows
the corresponding redshift.
α1 = 3.3, α2 = 0.055 and α3 = −4.46, and breaks
z1 = 0.993 and z2 = 3.8. For AGN and blazars, we as-
sume that neutrino emission tracks the hard X-ray emis-
sion of AGN (e.g., [14]), and adopt the evolution of the
hard X-ray luminosity function of AGN from [33]. For
GCs, we adopt an evolution of (1 + z)3 [29]. For all
cases, to good approximation we obtain the linear rela-
tionship fd(dth) = f0(dth/1 Mpc) for dth . 1 Gpc. This
is not surprising, as we expect such linear relationship
for the no-evolution case as well. The multiplicative fac-
tors we find are therefore f starburst0 = f
sfr
0 ≈ 9 × 10−5,
fagn0 ≈ 6× 10−5, fblazar0 ≈ fagn0 , and fgc0 ≈ 5× 10−5.
Starburst galaxies’ neutrino production may evolve dif-
ferently with redshift than the SFR, as indicated by the
evolution of their observed infrared emission [14, 34]. Us-
ing local far-infrared and radio luminosity densities ob-
served from starburst galaxies, Thompson et al. [34] esti-
mates their contribution to star formation to be ∼ 10%,
which can grow to 100% at high redshifts. Introducing
a corresponding additional factor of min(0.1 + 0.9z, 1) to
the evolution of star formation rate for starburst galaxies,
we find that this locally suppressed contribution to neu-
trino production will give f suppressed0 ≈ 1.3× 10−5. Nev-
ertheless, more recent measurements of the infrared lumi-
nosity function by Herschel [35] found that the evolution
of the luminosity of starburst galaxies is not markedly dif-
ferent from the evolution of SFR [36]. We will therefore
adopt f starburst0 for the analysis below. In Section III H we
separately comment on how these results would change
if starburst contribution is indeed locally suppressed.
F. Comparison to previous work
We briefly outline the methodology of some previous
searches for the origin of cosmic neutrinos to present our
work in comparison.
III. RESULTS
A. Neutrino detection rate
For our results we need to estimate the
number of detected astrophysical and back-
ground neutrino track events for IceCube-
Gen2. We will assume an astrophysical flux of
0.9 × 10−18(E/100 TeV)−2.13 GeV−1sr−1cm−2s−1 as
measured in [37]. In the future IceCube-Gen2 built
in its Sunflower configuration with 240 strings [2],
the estimates above a threshold of ∼ 30 TeV for the
rate of astrophysical neutrino track events Rν,ast and
background atmospheric events Rν,atm are 36 yr
−1 for
each, roughly 10 times the current IceCube rate [27].
We will alternatively consider a broader, low-threshold
search (& 1 TeV) with IceCube-Gen2 in its Sunflower
configuration with 240 strings. This search is expected
to yield Rν,ast ≈ 200 yr−1 and Rν,atm ≈ 15000 yr−1.
B. Monte Carlo simulation
We carry out Monte Carlo simulations to determine ex-
pected neutrino flux anisotropy for different source pop-
ulations, and from this to determine the probability of
identifying a source type as the origin of the astrophys-
ical neutrinos with sufficiently high significance. This
probability will depend on the expected total number
(Ntotal − Natm) of detected astrophysical neutrinos, the
expected number (Natm) of detected atmospheric neu-
trinos, the source number density ρ, the source catalog
threshold distance dth number, neutrino directional un-
certainty ψ, and significance (p-value) threshold p0.
For the analysis below, we consider all neutrinos hav-
ing the same angular uncertainty ψ. For simplicity we
will assume that the true neutrino direction is uniformly
distributed within ψ of the reconstructed direction. We
will be interested in how the search sensitivity depends
on ψ.
For a given set of the parameters listed above, we carry
out Monte Carlo realizations as follows. We first generate
a set of > 107 neutrinos. For each neutrino, we randomly
generate a number of sources that are directionally co-
incident with the neutrino. The number of sources is
drawn from a Poisson distribution with V ρ mean, with
V = pid3th sin
2(ψ)/3. For each source, we randomly select
a distance using uniform distribution within V . We cal-
culate the expected neutrino flux F using Eq. 3, using
constant source luminosity.
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FIG. 2. Simulated distribution of neutrino flux Fν corre-
sponding to signal and background neutrinos. This example
shows the densities for ψ = 0.3◦, dth = 200 Mpc, for star-
burst galaxies. The dashed red line shows a power-law fit
on the background density’s tail. The black solid lines show
power-law slopes with Fν−3/2 and Fν−5/2, the theoretical ex-
pectations for the signal and neutrino models, respectively,
for the case in which the expected number of sources within
dth coincident with a neutrino is  1.
Next, we calculate the probability density of Fν cor-
responding to signal and background neutrinos from the
generated set of neutrinos. The probability of signal neu-
trinos having a flux between Fν and Fν + dFν will be
proportional to the number of randomly generated neu-
trinos falling within this flux range, times Fν . The same
probability for background neutrinos will be simply pro-
portional to the number of randomly generated neutrinos
falling within this flux range. An example of the signal
and background Fν probability densities are shown in
Fig. 2. We see that the tail distributions agree with the
theoretically expected F−3/2ν and F−5/2ν for the signal
and background cases, respectively.
To better estimate the probability density of Fν cor-
responding to larger F values for which the sampling is
sparse, we fit a power law on the tail of the background
Fν probability density. An example of this fit is shown
in Fig. 2.
For a realization of the Monte Carlo simulation, we
generate signal and background neutrino numbersNs and
Nb, respectively. Both numbers are drawn from a Pois-
son distribution with their expected means (see Eq. 2
and the parameters above). For these signal and back-
ground neutrinos, we randomly select corresponding Fν
values drawn from the probability densities of F as de-
scribed above. We then calculate the test statistic λ for
the realization, using Eqs. 7 and 6. We generate 105
such realizations to obtain Ps(λ), the distribution of λ,
assuming the presence of an astrophysical signal origi-
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FIG. 3. Simulated distributions of likelihood ratio λ for the
signal+background and background-only models. This exam-
ple shows the distributions for dth = 200 Mpc, Tobs = 10 yr,
for starburst galaxies, and with angular uncertainties specified
in the legend. The vertical dashed line shows the likelihood
ratio corresponding to p = 3σ p-value from the background
distribution.
nating from the source model being tested. Note that,
for Eq. 6, we use the expected Ns and Nb, i.e. not the
actual ones drawn from the Poisson distribution, as those
are assumed to be unknown.
We also generate 105 realizations for a background only
model, i.e. for which the expected number of background
neutrinos is N ′b = Ns + Nb, and the expected number
of signal neutrinos is N ′s = 0. This will yield Pb(λ),
that is the distribution of λ assuming no astrophysi-
cal signal is present correlated with the source model
being tested. Examples of the resulting likelihood ra-
tio probability densities for the signal+background and
background-only models are shown in Fig. 3.
We characterize a set of parameters by the probability
that a random realization of signal+background neutri-
nos produces λ that is greater than 1− p0 fraction of the
background-only λ values. In other words, we character-
ize the sensitivity by the probability P(p0) of obtaining
a result from a signal+background model with p-value
≤ p0.
C. Optimal threshold distance for source catalog
The optimal threshold distance for a search depends on
the level of anisotropy determined by the source number
density, as well as the completeness of the catalog as a
function of distance. To characterize the optimal thresh-
old distance for source catalogs, we calculate the sensi-
tivity of the catalog-based search as a function of catalog
threshold distance. We use Monte Carlo simulations as
6described above (Section III B) to obtain P(p0) as a func-
tion of dth for different ψ values, using Tobs = 10 yr with
IceCube-Gen2 (Sunflower 240 configuration, 24 TeV en-
ergy threshold). The results are shown in Fig. 4 for the
case of starburst galaxies. We see that the sensitivity
of the catalog-based search increases with increasing dth
up to a point at which it saturates. The point of sat-
uration, as well as the maximum sensitivity, scale with
ψ. This saturation is beyond the 1 Gpc shown here for
the most accurate localization with 0.1◦ uncertainty con-
sidered here. This saturation is expected; at larger dis-
tances, the average angular source density is 1, making
directional density fluctuations small. This means that
sources at large distances will not significantly contribute
to sensitivity.
An important consequence of this result is that even
a catalog out to O(100 Mpc) can be close to optimal un-
less angular uncertainty is small (∼ 0.1◦). This is im-
portant since source catalog completeness can be signif-
icantly reduced for larger distances. Nevertheless, for
high directional accuracy, catalogs out to & 200 Mpc may
help. While catalogs are currently far from complete at
200 Mpc, we point out that, for a relatively small num-
ber of neutrinos, one can construct such a catalog specif-
ically for the direction of the neutrinos (see [38] for a
similar analysis). This significantly reduces the required
observation time, making such a neutrino-specific catalog
possible.
It is worth considering here the current and future
availability of source catalogs with the above threshold
distance in mind. Starburst galaxies are one of the key
sources that have been considered as the origin of cosmic
neutrinos, and catalogs were assembled for this purpose.
Becker et al. [39] finds 127 starbursts within z < 0.03,
concluding that this sample should be close to complete.
Futher, there are significant efforts under way to assem-
ble galaxy catalogs in the local universe, for example,
to aid gravitational wave observations. Some key cata-
logs in use include GWGC [40], GLADE [41] and CLU
[42]. Out to 100 Mpc, these catalogs include galaxies with
∼ 80% completeness [42]. Since they mainly focus on
star formation rate as a measure of the rate of compact
binary mergers as key gravitational wave sources, star-
forming and starburst galaxies are are likely cataloged
at an even higher completeness within this range. Go-
ing out to 200 Mpc, completeness in galaxies drops to
∼ 40%. Nevertheless, the increased interest in gravita-
tional wave follow-up observations guarantees significant
efforts in assembling increasingly complete catalogs.
Current catalogs of AGN are currently less complete.
For example, the latest SDSS quasar catalog contains
only 232 quasars at z < 0.1 within the surveyed 104 deg2
[43], corresponding to ∼ 10%. A similarly limited num-
ber of AGN have been identified by the Swift-BAT 70-
months survey, covering the entire sky [44].
Nearby blazars are expected to be bright and easily de-
tectable. Available blazar catalogs include those detected
by Fermi-LAT in high-energy γ-rays [45], with expected
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FIG. 4. Probability of a signal+background observation hav-
ing a p-value ≤ p0 = 3σ = 0.00135 as a function of threshold
distance dth, for different angular uncertainties (see legend).
The results are obtained using the starburst-galaxy model,
assuming Tobs = 10 yr with IceCube-Gen2 for the highest en-
ergy (≥ 30 TeV) neutrinos.
completeness > 80% [46].
GCs are straightforward to identify at completeness
even higher than galaxies due to their brightness. GC
catalogs are nominally complete out to z = 2 [47].
D. Angular uncertainty
One of the critical questions we aim to address here
is how accurate neutrino angular reconstruction needs to
be to ensure that a catalog-based search can identify the
source population of cosmic neutrinos. We ran Monte
Carlo simulations (Section III B) to determine P(p0) as
a function of ψ for different source types, using Tobs =
10 yr with IceCube-Gen2, with p0 = 3σ, and a threshold
distance dth = 200 Mpc for all source types. Results are
shown in Fig. 5. We find that (i) blazar origin can be
easily identified with a catalog-based search, as expected;
for an angular precision of ψ ∼ 0.3◦, (ii) AGN origin may
be identified with P(p0) = 30 − 60% probability, (iii)
starburst galaxies could be identified with P(p0) = 50%,
while (iv) GCs could be identified with P(p0) = 30%.
E. Comparison to searches at TeV energies
High-energy neutrino observatories can detect neutri-
nos over a uniquely wide energy range. In the case
of IceCube-Gen2, including extensions such as PINGU,
neutrinos will be detectable from ∼ 10 GeV to  1 PeV.
This range can cover distinct emission processes, and
feature varying sensitivity and background properties;
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FIG. 5. Probability of a signal+background observation hav-
ing a p-value ≤ p0 = 0.00135 (3σ) as a function of neu-
trino angular uncertainty, for different source assumptions
(see legend). For AGN, the spread corresponds to the range
10−5 − 10−4 Mpc−3 source density. The results are obtained
assuming Tobs = 10 yr with IceCube-Gen2 in Sunflower 240
configuration, for the highest energies with > 24 TeV neutri-
nos, corresponding to a detection rate of 36 astrophysical and
36 atmospheric neutrinos per year.
therefore, neutrino searches typically focus on a differ-
ent parts of the total available energy range.
Here, we examine low-threshold (& 1 TeV) neutrino
searches that cover most of the sensitive energy band of
the detector, with characteristic ∼TeV neutrino energies.
We discuss the sensitivity of these searches in comparison
to searches over the highest energy (> 24 TeV) neutrinos
that we discussed previously (see Section III A).
Focusing on the highest energies has the advantage of
high signal-to-noise ratio, given the very low background,
and the somewhat better direction reconstruction than at
lower energies. It yields, however, a relatively small over-
all number of signal neutrinos. Low-threshold searches
benefit from having significantly larger number of signal
neutrinos, but they need to overcome significant back-
ground contamination, given the soft atmospheric back-
ground spectrum.
We repeat the Monte Carlo simulations used above
for the case of the highest-energy neutrinos (Section
III D), but now for the low-threshold case, to obtain
the probability of identifying a source type as the ori-
gin of the astrophysical high-energy neutrinos. Results
are shown in Fig. 6. There are several points regarding
the comparison of the low and high-threshold cases. (1)
For larger angular uncertainty, the high-threshold sam-
ple performs better, while improving angular resolution
results in the low-threshold case becoming more sensi-
tive. This is intuitively expected. Once angular resolu-
tion is small enough with respect to the number of back-
ground overlaps (which depends on both the resolution
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FIG. 6. (Same as Fig. 5, but for low-threshold neutrino
search) Probability of a signal+background model having a
p-value ≤ p0 = 0.00135 (3σ) as a function of neutrino angular
uncertainty for a low-threshold (> 1 TeV) neutrino search, for
different source models (see legend). The results are obtained
assuming Tobs = 10 yr with IceCube-Gen2.
and the source density), having more events helps and
improves the sensitivity beyond the small sample avail-
able for the high-threshold case. (2) If neutrino energy
probability distribution was used in the analysis–as they
are in, e.g., standard IceCube point-source analyses [9],
then a search could combine the benefits of both low and
high-threshold analyses, since the contributions of the
two cases would be distinguished, i.e. the result would
always be at least as good as the result in either Figs. 5
and 6.
We see that the probability of source type identifica-
tion is comparable to that of the case of the highest-
energy neutrinos, but is somewhat below it, especially
for larger angular uncertainty. This result, of course,
is strongly dependent on the assumed source spectrum.
Softer source spectra, with fixed neutrino flux at the
highest-energy range where astrophysical neutrinos have
been detected, could strongly enhance the utility of
∼TeV neutrinos.
F. Detector size
Beyond angular uncertainty, another variable of inter-
est is the size of the detector, which largely determines
sensitivity. To examine the role of detector size, we use
Monte Carlo simulations to calculate the probability to
identify a source type for different neutrino configura-
tions. In particular, we characterize detector size by
changing the detection rate of astrophysical and atmo-
spheric neutrinos. We use an identical change for the two
neutrino populations. The role of detection rate is shown
in Fig. 7, for a fixed angular uncertainty of 0.3◦. We see
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FIG. 7. Probability of a signal+background observation hav-
ing a p-value ≤ p0 = 0.00135 (3σ) as a function of the number
of detected neutrinos. The x axis is normalized to the case of
IceCube-Gen2 in Sunflower 240 configuration, for the highest
energies with > 24 TeV neutrinos, which corresponds to a de-
tection rate of 36 astrophysical and 36 atmospheric neutrinos
per year. We show results for different source assumptions
(see legend). The number of both astrophysical and atmo-
spheric neutrinos is scaled identically. For AGN, the spread
corresponds to the range 10−5 − 10−4 Mpc−3 source density.
The results are obtained assuming an angular uncertainty of
0.3◦, and Tobs = 10 yr.
that identically increasing the signal and background rate
can significantly alter the chance of identifying the source
type of origin. For starburst galaxies and AGN, identifi-
cation probability around the IceCube-Gen2 in Sunflower
240 configuration is essentially proportional to the detec-
tion rate, signifying a rapid change.
G. Veto power
While detector size may similarly affect the number of
detected astrophysical and atmospheric neutrinos, it is
also possible to improve capabilities to identify and filter
out a fraction of atmospheric neutrinos, for example via
surface arrays. Here, we examine the utility of such ve-
toes by considering the change in the probability to iden-
tify the neutrino’s source of origin as a function of the
atmospheric neutrino rate. We take the case of IceCube-
Gen2 in Sunflower 240 configuration for the highest en-
ergies with > 24 TeV neutrinos, keep the detection rate
of astrophysical neutrinos fixed, and vary the detection
rate of atmospheric neutrinos. Results are shown in Fig.
8, for a fixed angular uncertainty of 0.3◦. As expected,
we find that the identification probability strongly de-
pends on the atmospheric neutrino detection rate. For
starburst galaxies and AGN, a factor of two decrease (in-
crease) in the number of detected, un-vetoed atmospheric
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FIG. 8. Probability of a signal+background observation hav-
ing a p-value ≤ p0 = 0.00135 (3σ) as a function of the number
of detected atmospheric neutrinos. The x axis is normalized
to the case of IceCube-Gen2 in Sunflower 240 configuration,
for the highest energies with > 24 TeV neutrinos, which cor-
responds to a detection rate of 36 atmospheric neutrinos per
year. The detection rate of astrophysical neutrinos is kept
fixed at 36 yr−1. We show results for different source as-
sumptions (see legend). For AGN, the spread corresponds
to the range 10−5 − 10−4 Mpc−3 source density. The results
are obtained assuming an angular uncertainty of 0.3◦, and
Tobs = 10 yr.
neutrinos increases (decreases) identification probability
by ∼ 20%, similarly to the utility of detector size.
H. Locally suppressed starburst contribution
In Section II E we discussed the possibility of starburst
galaxies having a steeper cosmic evolution than star for-
mation rate, which would suppress the fraction of local
neutrino emission. While the latest infrared luminosity
function measurements by Herschel find that this sup-
pression is not significant [35, 36], here we comment on
how the results would be different if such a steeper evo-
lution occurred.
For a factor of ∼ 10 reduction in the local contribu-
tion of starburst galaxies, the consequence is an effective
10-fold reduction in the number of astrophysical neu-
trinos from nearby sources, while the total number of
detected neutrinos remains unchanged—neutrinos from
more distant sources will be considered background for
the purposes of source-catalog-based searches. Following
the analytical estimate of Bartos [48], this should corre-
spond to a factor of 10 decrease in detection probability
compared to the unsuppressed case. We carried out the
Monte-Carlo analysis for the highest energy neutrinos as
presented in Section III B, with f suppressed0 ≈ 1.3 × 10−5
instead of f sfr0 ≈ 9 × 10−5. We find that the factor of
910 decrease is a reasonable approximation. With an an-
gular uncertainty of 0.3◦, we find a detection probability
for starburst galaxies with suppressed local contribution
to be ∼ 10%.
IV. CONCLUSION
We examined the prospects of utilizing the anisotropy
of possible neutrino-sources to probe the origin of the
cosmic high-energy neutrinos. We considered the use of
catalogs of starburst galaxies, AGN and blazars, and ex-
plored the role of the angular uncertainty of the detector,
as well as the distance reach of a source catalog, in iden-
tifying the source of the neutrinos. Since we focused on
continuous sources, we relied on neutrino track events
with significantly better angular resolution than cascade
events.
We presented a search method that can efficiently in-
corporate the directional and distance information of
sources in a catalog-based search that does not rely on
neutrino-neutrino coincidence. We were particularly in-
terested in starburst galaxies and AGN since their num-
ber density is high enough that they are considered dif-
ficult to resolve with neutrinos [14]. We looked at next
generation neutrino detectors such as IceCube-Gen2 with
significantly increased sensitivity and angular resolution
compared to current detectors. Our main findings are as
follows:
1. Identification of challenging source types:
Our main conclusion is that it may be feasible to
identify the source population of origin of high-
energy neutrinos even for some of the challenging
source types such as starburst galaxies or AGN us-
ing next generation high-energy neutrino observa-
tories. Strong cosmic evolution, nevertheless, re-
duces the probability of source identification.
2. Source catalogs are beneficial: Search sensitiv-
ity using a source catalog exceeds that of using only
the closest sources, and beyond some threshold dis-
tance, extending the source catalog further brings
only marginal improvement.
3. Required catalog depth: We find that, for typ-
ical angular resolutions ψ & 0.3◦, it is viable to
have a complete source catalog out to ∼ 100 Mpc.
A complete catalog out to this distance cannot be
significantly improved by going to higher distances,
except if high accuracy direction reconstruction is
available (ψ . 0.1◦), or for lower number-density
source types such as blazars. This is good news,
since it is difficult to assemble complete source cat-
alogs for distances much farther than 100 Mpc for
most source types.
4. Role of detector characteristics: We examined
the role of the detector’s (i) angular resolution, (ii)
size and (iii) veto capability in source identification.
We characterized results in comparison to IceCube-
Gen2 in Sunflower 240 configuration with a search
for the highest energies with > 24 TeV neutrinos,
with typical angular uncertainty of 0.3◦. Size was
assumed to identically change Rν,ast and Rν,atm,
while veto capability changes Rν,atm only. We find
that, for angular resolution and detector size, a fac-
tor of 2 change corresponds to a change in identifi-
cation probability, P , of roughly 20%. The depen-
dence is somewhat weaker for veto power. These
results are consistent with the analytical estimates
of Bartos [48], who finds the following scaling rela-
tionship for the probability that the source of high-
energy neutrinos will be identified:
P ∝ Ψ−2/3Rν,ast(Rν,ast +Rν,atm)−1/3. (10)
The utilization of source catalogs can be further im-
proved over the method presented above. For example,
the expected neutrino luminosity for each source can be
incorporated in the anisotropy. Optimally, one needs
to weight each source with their anticipated neutrino
flux. The angular distance of the neutrino and source
directions can also be explored as a probability density
functions. Further, the incorporation of neutrino energy
probability densities could improve sensitivity and com-
bine the benefits of the low and high-threshold searches
presented here. Such changes will further improve the
prospects of using source catalogs. Additionally, cur-
rently existing catalogs for some source types, primar-
ily AGN, are highly incomplete, making the assembly of
deep and complete source catalogs critical to maximize
the reach of multimessenger studies. This may be the
most feasible by focusing only on the directions of the
detected neutrinos [38].
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